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Intrinsic Conformational Properties of Deoxyribonucleosides: Implicated
Role for Cytosine in the Equilibrium Among the A, B, and Z Forms of DNA

Nicolas Foloppe and Alexander D. MacKerell, Jr.
Department of Pharmaceutical Sciences, School of Pharmacy, University of Maryland, Baltimore, Maryland 21201 USA

ABSTRACT Structural properties of biomolecules are dictated by their intrinsic conformational energetics in combination
with environmental contributions. Calculations using high-level ab initio methods on the deoxyribonucleosides have been
performed to investigate the influence of base on the intrinsic conformational energetics of nucleosides. Energy minima in the
north and south ranges of the deoxyribose pseudorotation surfaces have been located, allowing characterization of the
influence of base on the structures and energy differences between those minima. With all bases, x values associated with
the south energy minimum are lower than in canonical B-DNA, while x values associated with the north energy minimum are
close to those in canonical A-DNA. In deoxycytidine, y adopts an A-DNA conformation in both the north and south energy
minima. Energy differences between the A and B conformations of the nucleosides are <0.5 kcal/mol in the present
calculations, except with deoxycytidine, where the A form is favored by 2.3 kcal/mol, leading the intrinsic conformational
energetics of GC basepairs to favor the A form of DNA by 1.5 kcal/mol as compared with AT pairs. This indicates that the
intrinsic conformational properties of cytosine at the nucleoside level contribute to the A form of DNA containing predomi-
nately GC-rich sequences. In the context of a B versus Z DNA equilibrium, deoxycytidine favors the Z form over the B form
by 1.6 kcal/mol as compared with deoxythymidine, suggesting that the intrinsic conformational properties of cytosine also
contribute to GC-rich sequences occurring in Z DNA with a higher frequency than AT-rich sequences. Results show that the
east pseudorotation energy barrier involves a decrease in the furanose amplitude and is systematically lower than the
inversion barrier, with the energy differences influenced by the base. Energy barriers going from the south (B form) sugar
pucker to the east pseudorotation barrier are lower in pyrimidines as compared with purines, indicating that the intrinsic
conformational properties associated with base may also influence the sugar pseudorotational population distribution seen
in DNA crystal structures and the kinetics of B to A transitions. The present work provides evidence that base composition,
in addition to base sequence, can influence DNA conformation.

INTRODUCTION

DNA assumes a variety of conformations, with the equilib-lecular basis is still intensively researched. In particular, the
rium between those conformations depending on base coniase dependency of DNA structure has aroused consider-
position, base sequence, and the environmental conditionshle interest.

(Franklin and Gosling, 1953; Pohl and Jovin, 1972; Leslie et Base dependency of DNA structure can manifest itself
al., 1980; Dickerson et al., 1982; Saenger, 1984; Guzikeviocally by causing conformational heterogeneities in a given
ich-Guerstein and Shakked, 1996). The best-characterizgdrm of DNA or globally by affecting the relative stabilities
forms of DNA double helices are the A, B, and Z forms. of the various forms of DNA. The latter was documented by
Although the B form is prevalent under physiological con-syydies using x-ray diffraction of DNA fibers (Davies and
ditions, the A form is also involved in biological processes ga|qwin, 1963; Langridge, 1969; Arnott et al., 1974, 1980;
(Wang et al., 1982; Ilvanov and Minchenkova, 1995), whileprnatt and Selsing, 1974a,b; Leslie et al., 1980) and a
a biological role for the Z form is still elusive (Herbert and variety of spectroscopies (Bram, 1971; Bram and Tougard,
Rich, 1996). Many of the factors stabilizing the different 1972; Pilet and Brahms, 1972; Pohl and Jovin, 1972; Wang
forms of DNA have been identified from a phenomenolog-et al., 1989). The base dependence of DNA structure can a
ical point of view (Saenger, 1984), but their detailed mo'priori, be related to base composition, base sequence, or
both. Interpretation of experimental data alone, however,
does not generally allow for a clearcut distinction between
1999, the respective contributions of base composition and base
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vated the analysis of how some base sequences may favoorth and south conformations should be small enough to
one form of DNA or another. For instance, a “spine of account for the existence of both conformations. Condensed
hydration” has been observed bridging the purine N3 angbhase information from experimental approaches, however,
pyrimidine O2 atoms in adjacent basepairs in the minolincludes possible contributions from solvent effects, crystal
groove of some B DNA crystal structures (Drew and Dick- packing interactions, or additional degrees of freedom in the
erson, 1981; Kopka et al., 1983; Priet al., 1991). These molecules, which can influence the properties of interest. It
crystal structures suggest that this spine of hydration iss thus difficult to derive the intrinsic conformational prop-
disrupted by the guanine N2 amino group, which is consiserties of the nucleosides solely from experimental studies,
tent with NMR studies (Liepinsh et al., 1992). It has beenincluding statistical analysis of condensed phase data.
proposed that these differences in hydration may account Theoretical studies can complement the wealth of infor-
for the increased stabilization of the DNA B form by AT mation obtained from experiment by providing insights into
versus GC basepairs (Drew and Dickerson, 1981; Kopka ehe intrinsic conformational properties of the nucleosides,
al., 1983). Another factor that may contribute to the partic-independent of condensed phase effects. To date, theoretical
ular stability of the B form with poly (dA) poly(dT) is the  studies of standard nucleosides have been limited to calcu-
formation of additional non-Watson-Crick hydrogen bondslations using hard-sphere models (Sundaralingam, 1969) or
between successive basepairs (Nelson et al., 1987). Diffesemiempirical quantum mechanical methods (Berthod and
ences in base stacking interactions have also been a majBullman, 1971a, b; Saran et al., 1972, 1973). A variety of
theme in trying to rationalize aspects of the sequence deaiucleic acid building blocks structurally related to nucleo-
pendency on DNA conformation (Calladine and Drew, sides were also studied using hard-sphere models (Laksh-
1984; Mazur et al., 1989; Hunter, 1993; Alhambra et al.,minarayanan and Sasisekharan, 1970; Olson and Flory,
1997). From these studies it is evident that the base set972a) or empirical potential energies (Lakshminarayanan
quence can influence DNA conformation via both environ-and Sasisekharan, 1969; Olson and Flory, 1972b; Olson,
mental contributions, in the form of the spine of hydration, 1973; Yathindra and Sundaralingam, 1973). Although these
and intrinsic conformational properties associated with basstudies have provided valuable insights into the gross con-
stacking and intramolecular hydrogen bonds. formational properties of DNA constituents, such coarse
Based on the direct relationship between nucleoside corphysical models cannot yield accurate intrinsic conforma-
formation and overall DNA structure (Dickerson et al., tional properties. More recently, the structural and energetic
1982; Hartmann and Lavery, 1996), it is possible that bas@roperties of a nucleoside analog, where the base was mim-
composition, in addition to base sequence, may affect thecked by an imidazole group, were calculated ab initio at the
relative stabilities of different DNA forms. Such contribu- MP2/6-31G* level of theory, and compared to a large body
tions may occur via the base influencing the conformationabf experimental data (Foloppe and MacKerell, 1998). This
energetics of the individual nucleosides in DNA. At the comparison showed the MP2/6-31G* level of theory to
nucleoside level, the various forms of DNA differ mainly by yield conformational properties in satisfactory agreement
the deoxyribose pseudorotation angle and the glycosyl torwith experiment for these types of compounds.
sion. It is well-established that the deoxyribose furanose The present work systematically extends and refines the
populates two ranges of pseudorotation angles in DNA andonclusions drawn from the study on the imidazole nucle-
its components, commonly referred to as the north and soutbside analog by using ab initio calculations to examine the
ranges (Altona and Sundaralingam, 1972; Davies, 1978ntrinsic conformational properties of nucleosides with the
Dickerson et al., 1982; Gelbin et al., 1996; Hartmann andusual nucleic acid bases. The investigated conformational
Lavery, 1996). The A and B forms of DNA are predomi- space has been selected to be relevant to that occurring in
nantly associated with the north and south ranges, respethe A, B, and Z forms of DNA. Results indicate that the base
tively, and both ranges are equally populated in the Z forminfluences the intrinsic structural and energetic properties of
of DNA. the corresponding nucleoside, with the largest effects oc-
Values of the glycosyl linkage between the sugar and theurring with deoxycytidine. These results indicate that cy-
base are highly correlated with the pseudorotation angleosine contributes to GC-rich duplexes favoring the A and Z
with details of that correlation depending on the DNA forms of DNA as compared to AT-rich duplexes. Further-
structural family (Dickerson et al., 1982; Hartmann andmore, the present results indicate that base composition may
Lavery, 1996). The glycosyl torsion populates differentalso influence the kinetics of B-to-A transitions. Results
conformational ranges in the A and B forms of DNA, both also suggest that the nucleoside moieties in B DNA adopts
corresponding to aanti orientation of the base relative to a conformation that significantly deviates from the closest
the sugar. Only the purines in Z DNA are systematicafly ~ energy minimum, in contrast to A DNA.
relative to the deoxyribose. The prevalence of i
orientation of the base in DNA reflects the same trend in
free nucleosides, as documented by experimental studiddETHODS
(Alto,na and Sundaralmgam, 197_2’ 1973; Da\”e$’ 1978;l'heatom names and dihedral angle nomenclature are as in Saenger (1984).
Gelbin et al., 1996). These experimental observations alSgeoxyribose puckering pseudorotation angRsand amplitudes) have
indicate that the energy difference between the deoxyriboseeen determined following Altona and Sundaralingam (1972) using the
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same reference state fBr= 0.0°. The pseudorotation space is divided into cytidine, deoxyguanosine, and deoxythymidine). Calcula-
f108uof goqU:lr']'éSiZe;g%@;s;‘zsr;‘::i ;rt?)?gtr?éo;b *:th: 3;2?2‘;& " tions were also performed with deoxyuridine, for the sake of
west q'uadrants, respectively. The pseudorotation angI’es an’d ampllituddecsompleteness and becausg it has been studied experimen-
were extracted from the energy-minimized structures. ta"y (Altona and Sundara“ngam’ 1973; Guschlbauer and
Quantum mechanical calculations were carried out with the GAUSS-Jankowski, 1980). Because the base moiety is relatively
IAN 94 program (Frisch et al., 1996) using the 6-31G* basis set. All energyrigid and its structure unaffected by the sugar conformation
minimizations were first performed at the restricted HF level of theory. The(C|owney et al., 1996), the structural properties discussed in

HF energy-minimized structures were used as initial geometries for energ¥he following are onlv those of the deoxvribose moiety and
minimization at the second-order MP2 level of theory. Energy minimiza- 9 y Yy Yy

tions were performed to the default tolerances in the GAUSSIAN program.the glycosyl “nk.age' althoth_ tlhe. bajse geqmetnes were
All degrees of freedom, other than those specified as being fixed@llowed to relax in all energy minimizations. Since many of

including all bond lengths and angles, were allowed to relax during thethe general aspects of the conformational properties of
energy minimizations. deoxyribose and the glycosyl linkage that are relevant to

In the calculations aimed at locating the pseudorotation north and soutleA structure have alreadv been discussed (AItona and
energy minima, the initial furanose conformations were'éd8o and y

C2endo, respectively. In these calculations the dihedral argjlgse, and Sundaralingam, 1972; Davies, 1978; Westhof and Sundaral-
x were initially positioned in their conformational ranges observed in theingam, 1980; Olson and Sussman, 1982; Olson, 1982;
A and B forms of DNA (, g*, t, and anti, respectively), where they Gelbin et al., 1996; Foloppe and MacKerell, 1998) the

remained during the energy minimizations without being constrained. Thepresem discussion specifically emphasizes the influence of
structures corresponding to the north and south energy minima have beﬁﬂe base on these properties

used as starting structures for the energy minimizations wheras fixed . . .
to an A DNA-like (y = 201.1°) or B DNA-like ¢ = 258.1°) conformation. Calculations performed in the present StUdy prowde po-

These values of were taken from Table 2 in Hartmann and Lavery (1996) tential energies in vacuo and not free energies in the con-
and correspond to the representation of the ideal A and B forms of DNAdensed phase. The merits and limitations of this approach
arrived at with the program CURVES (Lavery and Sklenar, 1989). Givenpqye already been assessed in a similar context (Foloppe

the wide spread of B DNAy values, it is important to note that the value . : -
of 258.1° is close to a mean value of 256° obtained from high-resolutionamd MacKerell, 1998)' showmg that this type of calculation

crystal structures (Heinemann et al., 1994). It is also close to another mear@N pro_wde InS|ght§ into the Intrinsic_properties of the
value of 257° calculated from different set of B DNA crystal structures Nucleosides and their counterparts in DNA. Some results
(Table 5 in Dickerson, 1992). from the previous study with an imidazole nucleoside ana-

Energy minimizations of the nucleosides with the furanose in thelog are ||Sted alongs|de the present results on the Standard
O4'endo (east) conformation were carried out by fixing the dihedral angle

C1'-C2'-C3'-C4' to 0.0°. Energy minimizations of the nucleosides with a nucleosldes to facilitate their comparison. . .
planar furanose (inversion barrier) were carried out with all the furanose The first step of the present study was aimed at locating

endocyclic dihedral angles fixed to 0.0°. Normal mode frequency calculathe intrinsic energy minima of the deoxyribonucleosides
tions were performed on the Gehdo HF/6-31G* optimized structures. In - and investigating the influence of base on these energy
all cases a single negative frequency was observed, indicating the stru¢ninima. In the second step, the contribution of the nucleo-
tures to represent true transition states. sides to the intrinsic conformational properties of the A and
Various potential energy differences were calculated to understand th% . . .
relation of conformation to energetics in the studied nucleositiEs.. is forms of DNA was |nve§t|gated by. constraining the
the energy of the north minimum minus the energy of the south minimumglycosyl torsion to characteristic canonical values. In the
AE,, is the energy of the A DNA-like conformation minus the energy of third step, calculations to investigate possible differences
the north energy minimumAEg ., is the energy of the B DNA-ike  hetween deoxycytidine and deoxythymidine with respect to
conformation minus the energy of the south energy minimiy,_, is the the stabilization of Z DNA were performed. In a fourth step
energy of the B DNA-like conformation minus the energy of the A . . . ; "
DNA-like conformation.Beis defined here as the energy of the'€do the nucleosides served as a basis to identify and characterize

conformation minus that of the lowest in energy of either the north or thethe energy barriers separating the deoxyribose north and
south energy minimumBi is defined here as the energy of the planar south conformations.

furanose conformation minus that of the lowest in energy of either the

north or the south energy minimurB€® is the energy of the Oéndo

conformation minus that of the B DNA-like conformatiog & 258.1°),

andBe" is the energy of the G4ndo conformation minus that of the A Influence of the base on the nucleoside intrinsic
DNA-like conformation § = 201.1°). energy minima

Distributions of the glycosyl torsions in crystal structures of DNA
duplexes were obtained from the Nucleic Acids Database (Berman et alpifferences between the calculated and crystal deoxyribose

1992) as of_l\/_larch 1998. Structures excluded from the distributions We_reoond Iengths and valence angles, in both the north and south
those containing nonstandard DNA components, bound drugs, or proteins.

The results are presented as probability distributions and have been ofN€rgy minima, are Summ_ariz_Ed in Table 1. T_hese differ-
tained separately for the A, B, and Z DNA families by sorting the data intoences are all small, confirming that calculations at the
2° hins. The mean and standard deviation of each bell-shaped part of t1P2/6-31G* level yield structures in satisfactory agreement
distribution were obtained by best fit to a Gaussian function. with experiment for this type of compound, as previously
discussed (Foloppe and MacKerell, 1998). The individual
RESULTS AND DISCUSSION deoxyribose bond Iength_s are gl.ven in the Appendices (Ta-
ble A1, north energy minimum; Table A2, south energy
The present calculations were performed on the nucleosideninimum), as well as the individual valence angles (Tables
of the four standard DNA bases (deoxyadenosine, deoxyA3, north energy minimum; Table A4, south energy mini-
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TABLE 1 Average differences between calculated and of nucleosides and nucleotides, the amplitudes in these
crystal deoxyribose bond lengths and valence angles crystal structures are distributed over a broad range of
Bonds (A) Angles (deg.) values (Gelbin et al., 1996). It is therefore difficult to conclude
Base North* South* North* South* _solgly from crystal structures that the.observe_d trend reflects an
: intrinsic property of the molecules in question. The present
Cytosine 0.005 0.005 L4 L1 calculations confirm such an interpretation.
Thymine 0.005 0.007 1.3 1.0 . .
Uracil 0.005 0.007 13 10 The calculated values of the glycosyl torsion in the north
Adenine 0.006 0.007 1.2 1.0 energy minimay,, Table 2) are in excellent agreement with
Guanine 0.007 0.007 11 0.9 their counterparts obtained from crystal structures of
Imidazolé 0.007 0.008 1.0 10 nucleosides and nucleotides (1933 14.0° for purines,

The differences are averages of the individual differences between thd4.0 is the standard deviation; 19537 6.6° for pyrimi-
calculated bond lengths (or valence angles) and their mean crystal coutines) (Gelbin et al., 1996). This agreement is better than
terpart (Gelbin et al., 1996). when y was calculated using the imidazole nucleoside an-

*North and south refer to the deoxyribose conformation. | For th th f i th | I t
#Imidazole refers to the nucleoside analog used in a previous study, wher@'09- FOr the south sugar contormation the glycosyl tor-

the base was mimicked by an imidazole moiety (Foloppe and MacKereII,Si_Or!S:Xs' for deoxyad?n_osme' dequguanosine, d?Othhy'
1998). midine, and deoxyuridine fall within the experimental

ranges (237.0+ 24.3° for purines and 229.8 18.4° for
mum). The variations in the individual bond lengths andPYrimidines), the largest departure being 6.8° for deoxya-
valence angles associated with different bases are smaffénosine. The calculated value with deoxycytidine, how-
making them poor descriptors of the influence of the basé&Ve': is~20° lower thany, calculated with the other bases
on the deoxyribose conformation. and is more similar to the values associated with the A form
Results on the influence of the base on the deoxyribos&?01-1°) versus the B form (258.1°) of DNA (Hartmann and

pseudorotation angle and amplitude are presented in Table2Very, 1996). This property of deoxycytidine suggested
2. The north P,) and south ) pseudorotation energy that the intrinsic conformational properties of cytosine may
minima_ fall wirt1hin the expected ranges (Altona and favor the A form of DNA, stimulating additional calcula-

Sundaralingam, 1972; Dickerson et al., 1982; Gelbin et al.ions to investigate this possibility (see below).

1996), but their exact location is influenced by the bae. Differences in _th.e potential energy between the north and
is located at higher values for the purines than for theS0Uth energy minimaAE, , Table 2) were found to be
pyrimidines, which is compatible with the corresponding Modulated by the base, but arex1.0 kcal/mol with all
shift observed in the pseudorotation angle distributions obPaS€S-AE¢ favors the south energy minimum with ade-

tained from crystal structures of DNA (Drew et al., 1981; Nin€, guanine, thymine, and uracil, but not cytosine (Fig. 1
Dickerson et al., 1982)P, spans a range of values (7.0— a). This mirrors the experimental populations obtained by

12.4°) with variations similar to that observed wit, NMR for deoxyribonucleosides in solution (Altona and

(162.1-168.6°). The differences M, values, however, do Sundaralingam, 1973; Davies, 1978; Uesugi et al., 1979;
not follow any trend in terms of purines versus pyrimidines,GUSChlba“er and Jankowski, 1980), which indicate that the

deoxyribose south conformer is generally more favored than
The north amplitudes of puckeringr( Table 2) are the north. A recent statistical survey of the crystal structures
n

systematically higher than the south one$. (Although this ~ ©f deoxyribo-based monomers (Gelbin et al.,, 1996) also

trend has already been noted by examining crystal structurd§Ported a majority of them to have a south pucker. This
survey, however, did not distinguish between nucleosides

TABLE 2 Descriot lated to the struct g . and nucleotides or the different bases. The present calcula-
escriptors retated o the structure and energetics  tions are also compatible with the previous observation

of the nucleosides with the deoxyribose in the north and . -

south energy minima (Altona and Sundaralingam, 1973) that cytosine may favor

the north pucker significantly more than uracil.

in contrast toP..

Base i i Tn s Xo o L5 The calculated values &E, _ in Table 2, however, do
Cytosine 88 1621 394 374 1948 207.0-03 ot follow any trend in terms of purine versus pyrimidine,
L?Z‘T“me f;f 11222"; 3?: ;’ ;7777 11377"3 223?8'5 3 ': which is in contrast with previous analysis of NMR data in
Adenine 70 1683 1397 367 1923 2302 0.4 Solution (Altona and Sundaralingam, 1973; Davies, 1978;
Guanine 96 1686 39.4 367 1982 2328 0.7 Uesugi et al.,, 1979; Guschlbauer and Jankowski, 1980).

Imidazole*  13.1 167.2 38.6 37.0 2052 2348 1.2 Those NMR studies indicated that purines favor the south
P (deg.),7 (deg.), andy (deg.) refer to the furanose pseudorotation angle, pUCk(_ar more than pyrimidines, although _On!y t_)y a small
the furanose amplitude, and the glycosyl torsion, respectively. Subscripts margin. This discrepancy may reflect the limitations of the
and s refer to the north and south energy minima, respectivél.;  present calculations, difficulties in interpreting the NMR

g;cuizmrﬁ'r)“::ut:]e energy of the north minimum minus the energy of the yat5 or 3 combination of both. It must be reiterated that the

*Imidazole refers to the nucleoside analog used in a previous study, wherQresent calculations Y'eld pOtemlaI energle,S In VaCl_JO and,
the base was mimicked by an imidazole moiety (Foloppe and MacKereII,ther?for?a cannot be rigorously compgred. with experimental
1998). distributions that reflect free energies in the condensed
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FIGURE 1 Schematic representation of selected
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- . i Adenine — .
The right-hand diagrams correspond to deoxycyti Guanine N A = S, Cytosine

dine, and the left-hand diagrams correspond to the Thymi
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other nucleosides, as noted. The conformations rep-
resented are the north minimum (N), the south mini-
mum (S), the A DNA-like conformation (A), the B
DNA-like conformation (B), the Z DNA-like confor-
mation (Z), the east pseudorotation barrier, and the ] B
inversion barrier. & Energy of the south minimum — °° b
relative to that of the north minimum (the various Z 106 22
energy levels in the south minimum represent differ- %o

ent bases, see Results and Discussion and Table 2). S S
(b) Energies of the A and B DNA-like conformations Thymine Cytosine
relative to that of the north and south energy minima

(the various energy levels in the B DNA-like, and d)

south minimum represent different bases, see Results

and Discussion and Table 3))(Energy of the Z Inversion barrier— Inversion barrier—
DNA-like conformation relative to that of the B East pseudorotation 105 tol4 East pseudorotation barrier IOA
DNA-like conformation, and south energy minimum barrierg -~ Ty T A ATUATT Ty
(see Results and Discussiond) Energy of the east

pseudorotation barrier, and inversion barrier relative 28 t03.7
to each other, and relative to the global energy min- 3.1 t03.8 ) ) 4.0 to43 4.0 38 B
imum, and the A and B DNA-like conformations (see -
Results and Discussion and Table 4). B

Adenine i
Guanine Cytosine
Thymine

phase. It is worth noting that NMR data represent averagetheir A DNA counterpart as compared ygvalues and their
over a large number of different conformers, reflecting theB DNA counterparts. For the glycosyl linkagg = 201.1°
flexibility of all the furanose substituents. NMR-based con-and xy; = 258.1°, values have been proposed as being
formational analysis of the deoxyribose in nucleosides isharacteristic of the A and B forms of DNA, respectively
still an area of active research (Bandyopadhyay et al., 1997JHartmann and Lavery, 1996). Thegg and xg values are
The results presented in Table 2 show the conformationgompatible with the correspondingdistributions for A and
of the nucleosides in their north and south energy minima t@® DNA crystal structures obtained from the nucleic acids
be in the vicinity of the conformations that occur in A and gatabase as of March 1998 (Fig. 2). Differences between
B DNA, respectively. Some systematic differences, how-,gjues in Table 2 ang, range from 2.9° to 8.8°. Excluding
ever, do exist between the glycosyl torsion in the nucleogytosine, the differences betweggvalues in Table 2 and
sides south energy minima and in the B form of DNA (see,  are significantly larger, from 25.3° to 27.9°. The differ-
next section). This implied thaAE, ¢ values cannot be gnce betweery, and yg for cytosine is 51.1°. The distri-

directly used to understand intrinsic conformational contri-y, i in crystal structures of nucleosides and nucleotides is
butions to the A versus B forms of DNA. To obtain a more 5,4, ghifted to lower values (Gelbin et al., 1996) than in B

realllstlc'gstlma'tet'of tkt'ﬁ Intrinsic energy cgqtnput&ongﬂ?f thepna (Fig. 2). To investigate these differences and their
n;JC.e;)SI € rtr;10|e ||es, elytwe_re energé/—mm}gmée. VE[';] CONyossible contribution on the energetics of the B form of
straints on the glycosyl torsion, as described in the nex NA, the nucleosides have been energy-minimized with

section. Xs = 258.1° and the furanose in the south range. To allow
for a systematic comparison between the different nucleo-
sides in an A DNA-like conformation, they have also been
energy-minimized withy constrained tgy, = 201.1° and

the furanose in the north range. Selected properties of the
The results shown in Table 2 and discussed in the previousucleosides when energy minimized in the A and B DNA-
section indicate thay, values are significantly closer to like conformations are given in Table 3.

Contribution of the nucleoside moieties to the
intrinsic conformational energy of the A and B
forms of DNA
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FIGURE 2 Probability distribution of the gly-
cosyl torsiony (chi) in crystal structures of A
DNA (thick line), B DNA (thin line), and Z
DNA (dotted ling. The meant), and standard
deviation @) for each distribution are: for A
DNA, m = 199.°,0 = 9°; for B DNA, m =
252°,0 = 19°; for Z DNA anti,m = 206°,0 =
8°; for Z DNA syn,m = 66°, o = 9°. Sample i L
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The furanose pseudorotation angles in the B DNA conthe A or B forms of DNA. In contrast, the value dfEg
formation Pg, Table 3) are systematically higher than the for deoxycytidine (2.3 kcal/mol) suggests that the intrinsic
correspondind®s values (Table 2) by an average of 5.3° for conformational energetics of cytosine favors the A form of
both the purines and pyrimidines. Differences between th®NA over the B form. These results are summarized graph-
pseudorotation angle in the A DNA conformatioR,(  ically in Fig. 1 b. It has recently been suggested that the
Table 3) and the correspondifiy, values (Table 2) are all nycleoside moiety in DNA may stabilize the B form relative
3.9° or less, withP, systematically closer to the canonical tq the A form by ~1.0 kcal/mol, based on the relative
C3'endo conformationf( = 18.0°) thanP,. The furanose  gpergies of a nucleoside analog in its north and south energy
amplitudes in the A and B DNA-like conformations\(and  minima (Foloppe and MacKerell, 1998). Given the present
7g, respectively; Table 3) remain very close foand 7, oqits; this previous conclusion must be revised and re-
values (Table 2), respectively. placed by the proposal that the nucleosides intrinsic confor-

Constrainingy to a B DNA-like value increases the mational energy does not significantly favor either the A or

energy of the nucleosides relative to their south energ¥he B form of DNA, except in the case of deoxycytidine
minimum (se@Eg_, Table 3).AEg . is 1.2 kcal/mol or less which favors the A ,form '

ith adenine, guanine, and thymine, but is 2.2 kcal/mol with - .
w Ine, guan ymi ! e CombiningAEg_, values for the standard DNA basepair-

cytosine. Constraining to an A DNA-like value leads to . : )
small increases of 0.2 kcal/mol or less in the energy of the"9 SUQQeStSJEat the internal conformational energy of a GC
nucleosides relative to their north energy minimum (sed’@sepair =g o = 2.2 kcal/mol) may stabilize the A

AE,,, Table 3). TheAE,, values being less than the form of DNA more than AT QEATB-A = 0.7 kcal/mol) by

correspondingAE_. values is consistent with the better 1.5 kcal/mol. This energy difference would be even more
agreement of(n Va'ues W|th the Canonica' A form Va|ues as Significant in the context Of GC-I’iCh DNA dup|exes. These
compared toy, and the canonical B form values. results are compatible with a number of experimental stud-

For each nucleoside, the energy differences between thigs that indicate that GC-rich DNA duplexes are more
B and A DNA-like conformationsAEg_,) are also givenin amenable to the A form than AT-rich duplexes (Bram,
Table 3. With deoxyadenosine, deoxyguanosine, and det971; Bram and Tougard, 1972; Pilet and Brahms, 1972;
oxythymidine, AE;_ 5 values are small 0.5 kcal/mol), Arnott and Selsing, 1974a, b; Arnott et al., 1974; Leslie et
suggesting that the intrinsic conformational energies ofal., 1980; Peticolas et al., 1988; Wang et al., 1989; Ivanov
these DNA building blocks do not significantly favor either and Minchenkova, 1995).

A factor commonly invoked to rationalize this phenom-
enon is the presence of a “spine of hydration” in the minor
groove of AT sequences in B DNA (Drew and Dickerson,
1981; Kopka et al., 1983). Experiments where guanine is
replaced by inosine have supported the hypothesis that the

TABLE 3 Descriptors related to the structure and energetics
of the nucleosides with x in A and B DNA-like conformations

Base Pa Pg Ta Tg AE,,, AEg. AEg

Cytosine  12.7 1669 391 373 0.2 2.2 2.3 disruption of the spine of hydration by the guanine N2
Thymine 129~ 167.9 390 372 <01 12 93 amino group facilitates transitions from the B form of DNA
Adenine 9.3 1738 392 362 <01 08 0.4 . _ .

Guanine 101 1745 391 362 <01 06  —o01 tothe A form (Langridge, 1969; Leslie et al., 1980). The

P (deg.) andr (deg.) refer to the furanose pseudorotation angle ander_lergeucs associated with a _spme of hydration in the DNA
amplitude, respectively. Subscripts A and B refer to the conformations witHNINor groove, however, remains unclear. It has been argued
the A DNA-like and B DNA-like glycosyl torsions, respectiveE, ,,  that the spine of hydration stabilizes the B form of some, but
(kcal/mol) is the energy of the A DNA-like conformation minus the energy not all, AT sequences (Chuprina, 1985, 1987). While the
of the north energy minimumAE,  (kcal/mol) is the energy of the B g yine o hydration most likely contributes to the conforma-
DNA-like conformation minus the energy of the south energy minimum. . T
AEg_, (kcal/mol) is the energy of the B DNA-like conformation minus the tional equ'“b”um between the A and B forms of DNA, the

energy of the A DNA-like conformation. present calculations indicate that the deoxyribonucleosides’
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intrinsic conformational energy also makes a significantthe effect of 5-methylation on the intrinsic energetics of
contribution to this equilibrium. 5-methyl-deoxycytidine, as compared to deoxycytidine. In-
deed, methylation of cytosine at position 5 induces the B to
Z DNA transition at lower salt concentration than for poly-
(dGdC) (Behe and Felsenfeld, 1981). Proposed mechanisms
for the promotion of the B to Z DNA transition by 5-meth-
Z DNA typically occurs in alternating purine-pyrimidine ylation of cytosine have focused on base stacking interac-
sequences dominated by GC basepairs (Pohl and Jovitipns and solvation properties (Wang and Kool, 1995, and
1972; Wang et al., 1979; Arnott et al., 1980; Drew et al.,references therein). It is, therefore, interesting to test
1980; Saenger, 1984). Z DNA can contain AT basepairsvhether the nucleoside intrinsic energetics contribute to this
(Arnott et al., 1980; Wang et al., 1987a; Vorlickova et al., effect, i.e., is the energy difference between the B and Z
1982; Zimmer et al., 1982); however, the ability to assumeconformations higher in 5-methyl-deoxycytidine than in
the Z form becomes increasingly difficult as the GC contentdeoxycytidine? To investigate this possibility, 5-methyl-
decreases (Pohl and Jovin, 1972; Ho et al., 1986; Peticoladeoxycytidine was energy-minimized in the south minimum
et al., 1988; Wang et al., 1984, 1987b). Why GC basepairgcorrespondingd a Z DNA conformation for deoxycyti-
accommodate the Z form of DNA better than AT basepairsdine) and the B DNA-like conformation. The south mini-
remains unclear. There is evidence that guanine has a higherum (P, = 162.4°) of 5-methyl-deoxycytidine is associated
propensity than adenine to adopgymorientation relative to  with a y value of 208.7°, very similar to that observed with
the sugar in 5nucleotides (Son et al., 1972; Yathindra and deoxycytidine. This confirms the special character of cyto-
Sundaralingam, 1973; Olson, 1973), and the relationshigine with respect to the preferred glycosyl torsion when
between this difference and the characteris§io orienta-  associated with a south deoxyribose. As with deoxycytidine,
tion of the purines in Z DNA has been noted (Saengerthe south energy minimum of 5-methyl-deoxycytidine cor-
1984). The present calculations suggest that the intrinsicespondsd a Z DNA conformation. In 5-methyl-deoxycy-
conformational properties of deoxycytidine as compared tdidine, the energy difference between the south energy min-
deoxythymidine contribute to GC pairs being more amenaimum and the B DNA-like conformation is 2.5 kcal/mol,
ble than AT pairs with respect to the Z form of DNA. marginally higher than the corresponding 2.2 kcal/mol cal-
In Z DNA, the pyrimidine nucleosides combine a south culated for deoxycytidine. It is interesting to note that,
sugar with a glycosyl torsion much lower than in B DNA, although 5-methylation renders cytosine structurally more
populating a range overlapping that observed in A DNAanalogous to thymine, it does not briddeg . (see above)
(Fig. 2). Values of the glycosyl torsion in pyrimidines range closer to the deoxythymidine value (1.2 kcal/mol), but
from ~199 (Z) to 213° (,) (Hartmann and Lavery, 1996). rather slightly increaseAEg ¢ as compared to deoxycyti-
These values correspond closely to the structural propertiegine. Although this increase may contribute to the effect of
obtained in the present calculations for deoxycytidine in itscytosine 5 methylation on the promotion of the B to Z DNA
south energy minimum (Table 2), wheye= 207.0°, while  transition, it is not significant enough to fully rationalize it.
with deoxythymidiney, = 230.6°. This suggests that de-
oxycytidine is intrinsically more prone than deoxythymi-
dine to adopt the conformation typical of pyrimidines in Z
DNA. When deoxythymidine is energy minimized with a
south puckerP = 161.5°, unconstrained) anxdconstrained  Ab initio calculations provide a powerful tool to probe the
to the value obtained for deoxycytidine, 207.0°, its energy isnergy barriers between the deoxyribose north and south
0.6 kcal/mol above its intrinsic south energy minimum.  conformational ranges. Previous calculations indicate that
A more appropriate comparison of the energetics of dethe west pseudorotation energy barrier is very unlikely to be
oxycytidine and deoxythymidine would be in the context of the path of lowest energy between the deoxyribose north
a B versus Z DNA equilibrium. The energy of the B and south puckering ranges, particularly in DNA (Saran et
conformation (see above) minus that of the Z conformatioral., 1973; Olson, 1982; Foloppe and MacKerell, 1998).
(x = 207.0°) is 2.2 kcal/mol for deoxycytidine (identical to Therefore, the pseudorotation west energy barrier is not
AEg . in Table 2) and 0.6 kcal/mol for deoxythymidine. discussed further in the present work. In previously reported
This suggests that the intrinsic conformational energies o€alculations using the imidazole nucleoside analog, the
both deoxycytidine and deoxythymidine favor the Z form of O4’endo conformation of the furanose was found to be a
DNA over the B form, with deoxycytidine favoring the Z good approximation of the east pseudorotation barBey, (
form by 1.6 kcal/mol more than deoxythymidine (Figc)l  and the inversion barrieBf) was probed by constraining
Thus, the intrinsic conformational energetics of cytosine athe furanose to a planar conformation (Foloppe and Mac-
the nucleoside level will be more amenable to the Z formKerell, 1998). These approximations have also been used in
than thymine, contributing to the composition of Z DNA the present study. With the imidazole nucleoside andeg,
being dominated by GC basepairs. was found to be only 0.6 kcal/mol lower thdsi, which
That cytosine intrinsically favors the Z DNA conforma- prompted the calculation of both quantities for the four
tion more than thymine raises further questions concernin@pNA nucleosides and deoxyuridine in the present work.

Cytosine versus thymine in Z DNA

Energy barriers between the deoxyribose north
and south puckering ranges
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Results on the two barriers to pseudorotation are pre1975). The same experimental work, however, also led to
sented in Table 4 for the five nucleosidé&.is higher in  the proposal that this activation energy should be higher
energy tharBe for all the deoxyribonucleosides (Fig.d).  with pyrimidines than with purines, which is not supported
The energy difference betwe@®i andBe however, varies by the results of the present calculations. Those experimen-
with the base, the smallest difference being 0.4 kcal/motal studies, however, were carried out with ribonucleosides,
(cytosine), and the highest being 1.4 kcal/mol (thymine).while the present results have been obtained on deoxyribo-
This further documents that cytosine and thymine imparnucleosides.
different intrinsic properties at the nucleoside level. The The glycosyl torsion in the east pseudorotation barrier
present calculations confirm that the path of lowest energyghows minimal base-dependent properties, except with cy-
between the north and south puckers is likely to be throughosine, and the glycosyl torsion for the inversion barrigrs,
the east pseudorotation barrier. In view of the relativelyare higher with the purines than the pyrimidines, as shown
small differences betweeBi andBeit cannot be concluded in Table 4. In the east quadrant, tygvalues are interme-
that the inversion mechanism is systematically forbidden asliate to the values seen in the north and south quadrants
a pathway between the deoxyribose north and south puckTable 2). This suggests that the furanose pseudorotation
ering ranges. angle andy may change conformations in a concerted

Calculations on the imidazole nucleoside analog sugfashion durig a B to A DNAtransition. Notable is the low
gested that the furanose amplitude at the east energy barriealue of y, with cytosine, consistent with the low value of
(1o Table 4) may be significantly lower than in the north y in the south conformation for this nucleoside.
and south energy minima (Foloppe and MacKerell, 1998). In the context 6 a B to A DNA transition, the east
The present calculations confirm that the’&4do confor- pseudorotation energy barrier is different fr@adue to the
mation in standard deoxyribonucleosides is also associatezhergy of the nucleosides ia B DNA-like conformation
with a significant flattening of the furanose ring and suggestbeing higher than in their south energy minimum (see
that this flattening is more pronounced with purines thanabove). The east pseudorotation energy barriers relative to
with an imidazole analog (Table 4, is ~4.0° lower with  the energy of the B DNA-like conformation®¢), and
adenine and guanine than when these purines are mimickedlative to the energy of the A DNA-like conformations
by an imidazole.r, is 5.0 to 6.0° higher with the pyrimi- (B€®) are listed in Table 4. The base dependenc@et
dines than with the purines. These results illustrate furthevalues parallels thaEg ¢ values (Table 3). The heteroge-
the need to explicitly study the sugar with the actual nucleimeity in Be® values contrasts the relative homogeneitBef
acids bases when details of the sugar structural features avalues, and may be of importance for the base dependency
to be characterized. of DNA dynamics. Interestingly, the loweBE® value is for

Given the differences im, as a function of base, it is deoxycytidine, suggesting that cytosine may not only stabi-
surprising thaBe shows very little dependence on the baselize A DNA versus B DNA, but may also kinetically facil-
(Table 4), being~4.0 kcal/mol with all bases. This suggests itate B to A DNA transitions. Also of note is that thze®
that there is no simple relationship between the degree ofalues of the pyrimidines are lower than for the purines,
flattening of the furanose ring and the height of the eastonsistent with the pyrimidine pseudorotation angle distri-
pseudorotation barrier. The present calculations are compalbution extending more into the east quadrant than with
ible with an experimental estimate of 470.5 kcal/mol for ~ purines in B DNA (Hartmann and Lavery, 1996; Drew et
the activation energy separating the north and soutkl., 1981; Foloppe and MacKerell, 1998).
furanose puckers in purine ribonucleosides d&oet al.,

TABLE 4 Structural descriptors and energetics of the CONCLUSIONS
nucleosides in O4’endo and planar furanose conformations

This is the first report presenting high-level ab initio calcu-
lations on all the standard deoxyribonucleosides. Only a
Cytosine 198 2005 1918 40 44 18 38 fraction of the conformational space accessible to these
Thymine 205 2236 1943 40 54 28 31 molecules has been probed, but the investigated conforma-
Xéﬁ:ne 2&'2 222129'_26 12923587 ‘2_02 5427 g‘i‘ ”‘é tions have been selected to be relevant to a DNA context.
Guanine 144 2215 2318 43 48 37 36 The results document how the intrinsic conformational
Imidazole 181 2206 2383 44 50 na na properties of deoxyribonucleosides are influenced by the
7 (deg.) andy (deg.) refer to the furanose amplitude and the glycosyl base_am_j identify base composition as an important factor
torsion, respectively. Subscripts e and i refer to the east pseudorotatioRONtributing to the overall structure of DNA. The overall
energy barrier and the inversion energy barrige (kcal/mol) andBi contribution of these base-dependent conformational prop-
(kcal/mol) are the east pseudorotation and the inversion energy barriergyrties is difficult to calibrate considering the different fac-
respectively, relative the global (north or south) energy minimiet tors influencing DNA structure; however, these contribu-

(kcal/mol) andBe” (kcal/mol) are the east pseudorotation energy barrierst. d b ianifi t iallv in th text of
relative to the B DNA-like and A DNA-like conformations, respectively. lons cou € signincant, especially In € context o

Be® and Be” are not available (na) for deoxyuridine and the imidazole @CCUMulating information suggesting that.DN.A sequence-
nucleoside analog used in a previous study (Foloppe and MacKerell, 1998flependent features result from a combination of rather

Base To Xe Xi Be Bi BE B
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subtle effects (McCall et al., 1985; Nelson et al., 1987; Privegroove hydration, that contribute to the equilibrium between
et al., 1991; Poncin et al., 1992; Dickerson et al., 1994the A and B forms of DNA.
Grzeskowiak et al., 1991; Subirana and Faria, 1997). The present work also suggests that the south energy
This work confirms the main conclusions previously ob- minimum conformation of deoxycytidine can more readily
tained based on an imidazole nucleoside analog, but comaccommodat a Z DNA pyrimidine conformation than de-
plements and refine them by taking the influence of bas@xythymidine. Deoxycytidine internal energy favors the Z
into account. Some of the deoxyribose structural propertieform of DNA over the B form by 1.6 kcal/mol as compared
depend on the base being a purine, versus a pyrimidingo deoxythymidine. This difference may contribute to the
These structural properties are the furanose pseudorotatidarmation of Z DNA being favored by a high-GC basepair
angle in the south rangeP{ and Pg) being higher with  content in alternating purine-pyrimidine sequences.
purines than with pyrimidines, and the furanose amplitude The different intrinsic energetics of deoxycytidine as
of puckering in the O%ndo conformationtd(,) being higher compared to the other nucleosides needs not to be limited to
with pyrimidines than with purines. On the other hand, thethe canonical A, B, and Z DNA conformations. This differ-
furanose pseudorotation angle in the north rargeand  ence could also extend to other conformations, occurring,
P,) shows some dependence on the base, but without arfgr instance, under specific binding of a protein or a drug. If
trend in terms of purine versus pyrimidines. Some otheiso, the nucleoside intrinsic energetics would be an addi-
deoxyribose structural properties show little, if any, influ- tional indirect readout factor contributing to the selective
ence of the base. These properties include the furanodending of a protein to its cognate sequence. That the B
amplitudes in the northr, and 7,) and south £, and 7g) DNA conformation is destabilized by cytosine, at the nu-
ranges and the glycosyl torsion associated with the nortleleoside level, relative to other conformations, may facili-
energy minimumy,,). The glycosyl torsions associated with tate the deformation of some sequences upon protein or
the south energy minimumy( and with the east pseudo- drug binding.
rotation energy barriery) also show little dependence on  Information about the influence of base on the east pseu-
the base, except with cytosine. dorotation and inversion energy barriers between the de-
Deoxycytidine strikingly differs from the other nucleo- oxyribose north and south conformational ranges has been
sides by itsy, value, which falls in the range populated by presented. The east pseudorotation barrier is found lower in
the glycosyl torsion in A and Z DNA. Deoxycytidine is also energy than the inversion barrier in all cases, with the extent
the only nucleoside for which the north minimum is lower of the difference being base-dependent. When the east pseu-
in energy than the south. This strongly suggests that deoxydorotation barrier is calculated relative to the global energy
cytidine is intrinsically more prone to accommodate the Aminimum, this barrier shows little dependence on the base,
form of DNA as compared to the other deoxyribonucleo-and is in agreement with a previous estimate ~o4.0
sides. With the other nucleosideg, values fall in a range kcal/mol (Foloppe and MacKerell, 1998). However, the
(~230.0°) which is intermediate between thgalues char- magnitude of the east energy barrier decreases and shows
acteristic of the canonical A and B forms of DNA, and the base dependency when it is calculated relative to the B
south energy minimum is slightly more stable than theDNA conformation, ranging from 1.8 to 3.7 kcal/mol. The
north, by<1.0 kcal/mol. lowest of these values is obtained for deoxycytidine, sug-
When the deoxynucleosides, except deoxycytidine, argesting that this nucleoside may kinetically facilitate B to A
energy-minimizedn a B DNA-like conformation by con- DNA transitions. Furthermore, the east pseudorotation bar-
straining y accordingly, their internal energy increases byrier for deoxythymidine, 2.8 kcal/mol, is also lower than
~0.5 to 1.0 kcal/mol relative to the corresponding souththat of the purines. The lower east pseudorotation energies
energy minima. This indicates that the internal energy ofrelative to the B DNA conformation of the pyrimidines
deoxyadenosine, deoxyguanosine, and deoxythymidine igersus the purines correlates with the higher population of
approximately the same in the A and B forms of DNA. In pseudorotation values in the @ko region in pyrimidines
contrast, the intrinsic conformational energetics of deoxy-as compared to purines in B DNA (Hartmann and Lavery,
cytidine favors the A form of DNA over the B form by 2.3 1996; Drew et al., 1981; Foloppe and MacKerell, 1998).
kcal/mol. At the basepair level, the present calculations The present results confirm that the conformational prop-
suggest that the intrinsic conformational energetics of a Grties of thymine and uracil at the nucleoside level are
basepair stabilize A DNA by-1.5 kcal/mol relative to B nearly identical, although differing significantly from cyto-
DNA. This result is consistent with GC basepairs favoringsine. Structural and energetic properties of deoxythymidine
the equilibrium toward the A form of DNA, as compared to and deoxyuridine minimum energy structures are similar
AT basepairs. Therefore, the present results indicate that tHgee Table 2). Furthermore, the glycosyl torsion and ener-
intrinsic conformational properties at the nucleoside levelgetics associated with the east pseudorotation barrier are
and thus base composition, influence the equilibrium benearly identical for the two compounds (Table 4), in
tween the A versus B form of DNA. It should be empha- deoxycytidine is~22.0° lower than in the two other pyrim-
sized that this contribution is but one of many effects,idine deoxynucleosides. While the similarity of the uracil
including but not limited to base stacking, screening ofand thymine nucleosides is expected, the inclusion of the
phosphate-phosphate electrostatic repulsion and minarracil data can be considered to be an additional control to
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TABLE A1 Bond lengths (A) for the deoxyribose moiety in the nucleosides in the north energy minimum

Bond Icrys (Tcrys IAde ICyt IGua IThy IUra
C1-C2 1.519 0.010 1.524 1.527 1.526 1.527 1.527
C2-C3 1.518 0.012 1.526 1.525 1.527 1.526 1.526
c3-c4 1521 0.010 1.523 1.521 1.522 1521 1.521
C4-04 1.449 0.009 1.443 1.440 1.441 1.441 1.441
o4 -C1 1.418 0.012 1.420 1.423 1.421 1.420 1.420
C3-03 1.419 0.006 1.423 1.424 1.423 1.423 1.423
C4-C5 1.509 0.011 1.508 1.508 1.509 1.508 1.508
C1'-N1/N9 1.488 0.013 1.465 1.478 1.463 1.480 1.481
C5-05 1.423 0.011 1.427 1.429 1.427 1.429 1.428

l.ys refers to the average values obtained from statistical analysis (standard dewjgipof crystal structures of nucleosides and nucleotides (Gelbin et
al., 1996).lxges lcyo loua lthy, @ndly,, refer to the calculated bond lengths for deoxyadenosine, deoxycytidine, deoxyguanosine, deoxythymidine, and
deoxyuridine, respectively.

verify the unique influence of cytosine on the intrinsic APPENDIX B

conformational energetics at the nucleoside level. _ _ .
An important application of the present analvsis will be Cartesian coordinates (X, Y, Z) calculated at the MP2/6-31G* level of
) p | pp . P Yy - theory for the nucleosides may be obtained from the web page of ADM, Jr.
an improved calibration of DNA molecular meChamCS f(_)rceat URL www.pharmacy.ab.umd.eduélex/research.html. See Methods for
fields. Recent tests of some currently available force fieldshe definitions of atom names.
have demonstrated that such improvements are necessary
(Feig and Pettitt, 1998; MacKerell, 1998). Based in part onW thank the Pitisburah S ing Cent 4 NCI's Frederick
. . _We thank the Pittsburgh Supercomputing Center an s Frederic
the present ,data’ a reVIS_ed VQI’SIOI’] of the CHARMM all Biomedical Supercomputing Center for providing computational re-
atom force field for nucleic acids ha; been developed.(Foéources. We also thank C. Zardecki of the Nucleic Acid Database for
loppe and MacKerell, 1999, submitted for publication; providing us with data on the glycosyl torsions in the DNA crystal
MacKerell and Banavali, 1999, submitted for publication). structures.
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TABLE A2 Bond lengths (A) for the deoxyribose moiety in the nucleosides in the south energy minimum

Bond Icrys Ucrys IAde ICyt IGua IThy IUra
C1-C2 1518 0.010 1.527 1.524 1.527 1.525 1.525
Cc2-C3 1516 0.008 1.520 1.519 1.521 1521 1.521
Cc3-Cc4 1.529 0.010 1.530 1.532 1.530 1.532 1.532
Cc4-04 1.446 0.010 1.439 1.441 1.439 1.439 1.439
o4'-C1 1.420 0.011 1.426 1.426 1.426 1.429 1.429
C3-03 1.435 0.013 1.430 1.431 1.431 1.430 1.430
C4-C5 1512 0.007 1.513 1512 1513 1.512 1512
C1'-N1/N9 1.468 0.014 1.446 1.461 1.446 1.455 1.456
C5-05 1.418 0.025 1.430 1.429 1.430 1.431 1.431

I.ys refers to the average values obtained from statistical analysis (standard dewjgfipof crystal structures of nucleosides and nucleotides (Gelbin et
al., 1996).lxges leyo loua Iy, @ndly,, refer to the calculated bond lengths for deoxyadenosine, deoxycytidine, deoxyguanosine, deoxythymidine, and
deoxyuridine, respectively.
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TABLE A3 Valence angles (deg.) for the deoxyribose moiety in the nucleosides in the north energy minimum

Angle 6crys acrys 0Ade 6Cyt 6Gua OThy oura
C1-C2-C3 102.4 0.8 101.6 102.1 101.9 102.2 102.2
c2-C3-c4 102.2 0.7 100.9 100.9 100.9 100.9 100.9
C3-C4-04 104.5 0.4 105.4 105.2 105.3 105.2 105.2
C4-04-C1 110.3 0.7 109.6 109.7 109.7 109.8 109.8
04'-C1-C2 106.8 0.5 106.7 106.6 106.6 106.6 106.6
C2-C3-03 112.6 3.3 115.3 115.5 115.2 115.4 115.4
C4-C3-03 112.3 2.0 107.7 107.7 107.8 107.7 107.7
C5-C4-C3 115.7 1.2 115.9 116.2 115.9 116.2 116.1
C5-C4-04 109.8 11 109.9 109.9 109.8 109.9 109.8
O4'—C1'-N1/N9 108.3 0.3 108.4 109.1 108.3 108.8 108.8
C2'-CT-N1/N9 112.6 1.9 111.4 111.7 111.9 112.1 112.1
05-C5-C4 111.0 2.5 108.6 108.8 108.7 108.8 108.6
C1'-N9-C4 123.9 1.0 124.4 — 1245 — —
Cl'-N1-C2 117.5 1.4 — 114.9 — 115.0 114.9

0.rys refers to the average values obtained from statistical analysis (standard dewigjipwf crystal structures of nucleosides and nucleotides (Gelbin
et al., 1996)0pqe Ocyn Ocua Orny, @Nd Oy, refer to the calculated valence angles for deoxyadenosine, deoxycytidine, deoxyguanosine, deoxythymidine,
and deoxyuridine, respectively.

TABLE A4 Valence angles (deg.) for the deoxyribose moiety in the nucleosides in the south energy minimum

Angle ecrys Ucrys oAde 0Cyt OGua eThy OUra
C1-C2-C3 102.5 1.2 101.8 101.6 101.8 101.6 101.6
c2-C3-C4 103.1 0.9 102.7 102.8 102.7 102.7 102.7
C3-C4-04 106.0 0.6 106.3 106.5 106.3 106.5 106.5
C4-04-C1 110.1 1.0 110.1 109.7 110.1 109.8 109.8
04'-C1-C2 105.9 0.8 105.8 105.7 105.8 105.3 105.3
C2-C3-03 109.4 2.5 111.6 111.8 111.6 111.6 111.6
C4'-C3-03 109.7 25 105.5 105.4 105.6 105.4 105.4
C5-C4-C3 114.1 1.8 114.7 114.8 114.6 114.5 114.5
C5-C4-04 109.3 1.9 109.2 109.0 109.2 109.1 109.0
04'-C1'-N1/N9 108.0 0.7 107.7 108.2 107.8 107.6 107.5
C2'—-CT-N1/N9 114.3 1.4 113.7 113.5 113.7 114.3 114.2
05-C5-C4 110.9 1.7 108.4 108.2 108.4 108.4 108.3
C1'-N9-C4 126.3 1.2 126.7 — 126.7 — —
C1'-N1-C2 117.8 11 — 116.5 — 118.5 118.5

0.y refers to the average values obtained from statistical analysis (standard dewigjipwof crystal structures of nucleosides and nucleotides (Gelbin
etal., 1996)0pqe; Ocyv Ocua Orny, aNd Oy, refer to the calculated valence angles for deoxyadenosine, deoxycytidine, deoxyguanosine, deoxythymidine,
and deoxyuridine, respectively.
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